The aspect ratio and faceting evolution of quantum dots grown at 500°C were studied as a function of postgrowth annealing temperature. We show that faceting and aspect ratio strictly depend on growth conditions. The evolution toward ͕136͖ and ͕137͖ facets is kinetically limited and occurs under different experimental conditions. Furthermore long annealing procedures lead to the occurrence of low aspect ratio domes different from those forming at higher growth temperatures.
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To date, InAs islands grown on GaAs͑001͒ surface have been investigated due to their optical properties having potential for the development of laser emitting at 13 m at room temperature with low-threshold current density.
1 Annealing after InAs quantum dot ͑QD͒ formation is responsible for tuning the optical properties of QDs. Optical emission at 1.26 m has been obtained after annealing of InAs QDs due to coarsening effects which tune their volume distribution. 2 Interesting examples of emission wavelength tuning and sharpening have been demonstrated on QDs grown on patterned GaAs͑001͒ as well. 3 Being the emitting wavelength of QDs strictly related to their size and shape, understanding the evolution of these properties is an important task. Nevertheless, while coarsening tunes the emission wavelength, it is also accompanied by a decrease in dot density, 2, 4, 5 which is detrimental to laser performance. Another concern related to annealing is the intermixing of In and Ga atoms. 6 A larger presence of Ga atoms in InAs QDs shortens the emission wavelength, canceling the red shift induced by an increase in size. Annealing is thus responsible for a mixture of several competing processes. Recent scanning tunneling microscopy ͑STM͒ studies on QDs faceting 7, 8 have determined facets atomic structure, thus making possible the calculation of thermodynamic stability by means of the density functional theory ͑DFT͒. 9 Recently, we concentrated our effort on understanding the role of kinetics during the transition from twodimensional to three-dimensional InAs/ GaAs͑001͒ system, focusing on the role of mobile In ͑Refs. 10-12͒ and its aggregation on surface. 13, 14 In this Letter, by means of atomic force microscopy ͑AFM͒ and reflection high energy electron diffraction ͑RHEED͒, we characterize the InAs/ GaAs͑001͒ QDs grown at 500°C applying them, immediately after the growth, annealing at several temperatures to study the evolution of the aspect ratio and faceting of QDs. Alternatively to annealing, a massive As 4 flux applied at the end of InAs deposition was used to slow down the kinetics. Our aim was to understand how kinetics drives the formation and shape of QDs under extremely different growth conditions.
Prior to InAs deposition, a GaAs buffer layer of approximate thickness of 500 nm was grown at 590°C on the ͑001͒-oriented substrate, in As 4 overflow, at a rate of 1 m / h. Once the buffer layer was deposited, the surface was flattened by a 30 min postgrowth annealing at 660°C under As 4 flux ͑BEP= 4.0ϫ 10 −5 torr͒. 15 For InAs deposition the temperature was lowered to 500°C, when a c͑4 ϫ 4͒ on GaAs surface was observed. We deposit 1.7 monolayers of InAs with a rate of 0.033 ML/ s. Immediately after the InAs growth, samples were annealed at several temperature: 420, 460, and 500°C, respectively. For comparison, samples without postgrowth annealing and immediately quenched after the InAs deposition were grown as well. To study the effect of a large postgrowth As 4 flux we grew 1.6 MLs of InAs, we then applied, immediately after the end of the growth, a massive As 4 flux ͑BEP= 4.6ϫ 10 −5 torr against 6 ϫ 10 −6 torr of InAs growth conditions͒. A As 4 second cell is available for this aim. A corresponding standard sample was also grown.
The RHEED pattern was monitored by a charge coupled device ͑CCD͒ camera during growth and annealing. AFM ͑VEECO multiprobe͒ characterization was performed ex situ in the tapping mode by using ultrasharp nonconductive Si tips with a nominal radium of about 2 nm. Figure 1 shows the AFM topographies of 1. InAs deposited on GaAs͑001͒ and immediately quenched ͑a͒ and after 30 min annealing at 420°C ͑b͒, 460°C ͑c͒, and 500°C ͑d͒. The images clearly evidence coarsening effects on the sample annealed at 500°C, while the slight effects present at 420 and 460°C are not clearly visible from the images and will be studied elsewhere in detail. 16 Figure 2 shows the aspect ratio ͑AR͒ histograms for all the samples examined. AR was determined by the formula h / ͱ A / considering circular the QDs base, where A and h are the QDs basal area and height, respectively. It is clearly evident that in the sample without annealing a bimodal AR distribution is present centered at ϳ0.22 and ϳ0.28, respectively, while, when annealing is applied, a single distribution ͑more or less wide͒ is centered at about 0.22. The aspect ratio value ϳ0.22 matches with islands mainly composed by ͕137͖ facets ͑pyramids with AR= 0.24͒, often reported in literature. 7, 17, 19 RHEED patterns along ͓110͔ azimuth reveal a chevron angle = 23.0°which is in good agreement with the presence of these facets ͑ = 24.3°͒. From RHEED, the facet angle was determined by the measurement of the distance between chevrons by means of intensity profiles depending on the distance from the spot. As shown in panels 2͑b͒-2͑c͒ the distance between chevrons is ϰ2tg. For all the postannealing samples, the AFM gradient image analysis suggest a structure fully compatible with the structure indicated by Jacobi et al., 7, 20 with about 80% of the whole island surface terminating with ͕137͖ facets as labeled in Fig. 2 , with the smaller ͕110͖ and ͕111͖ facets along the ͓110͔ direction. For the immediately quenched sample, the AFM analysis is more complex because of bimodality of AR distribution. For ARϳ 0.22 the AFM analysis confirms the presence of ͕137͖ facets. On the other hand understanding of ARϳ 0.28 is possible by a comparison with RHEED patterns along ͓110͔ azimuth ͑insets in Fig. 2͒ : the chevron angle = 26.1°͓Fig 2͑c͔͒ ͑Ref. 21͒ supports the presence of steeper facets, precisely ͕136͖ as reported sometimes in literature. 22, 23 Although an ARӍ 0.26 is expected for ͕136͖ facet, the small difference with respect to RHEED observations is likely due to the presence transitional QDs which are observed when atoms have less time to diffuse and arrange the island equilibrium shape. The most likely situation in this case is described in Ref. 9 , and schematically shown on the right of AR histogram, where the growth proceeds mainly layer-by-layer on ͕136͖ facets and the upmost layers do not make contact with the ͑001͒ substrate. This means the occurrence of faceted islands with atomic layers only present on the top. With such a shape the QDs exhibit a higher AR from that expected. Differently from Ref. 9 , we do not see successive formation of domes with steeper facets, due to a lower growth temperature. 24 The presence of both ͕136͖ and ͕137͖ facets is then related to a competitive kinetics-thermodynamics growth conditions. Indeed, in comparison to experimental data in the literature ͕136͖ facets are measured when InAs growth rate is higher than 0.1 ML/ s, 22, 23 while ͕137͖ facets are found when growth rate is ϳ0.01 ML/ s or less. 7, 17, 18 The absence of QDs with AR= 0.3 when annealing was applied is thus related to the kinetics of growth: When the system has time enough to evolve, the thermodynamically more stable ͕137͖ facet is found.
In Fig. 3 the AR distribution versus the QDs volume is shown. By a comparison with Fig. 2 , it is interesting to note that an annealing at 420°C is sufficient to see the disappearance of AR= 0.28. Although the average AR decreases, as shown in Figs. 2 and 3 , the average volume and the number density does not change. 16 This fact can be interpreted as a mass redistribution on the surface of QDs, evolving from ͕136͖ to ͕137͖ facets while also eliminating incomplete layers on the top of islands. Annealing at higher temperatures ͑left panel of Fig. 3͒ or for a longer period ͑right panel of   FIG. 2 . ͑Color online͒ ͑a͒ QD aspect ratio histograms after 1.7 ML of InAs/ GaAs͑001͒: interface immediately quenched ͑higher panel͒ after 30 min postgrowth annealing at 400°C ͑medium panel͒ and 450°C ͑lower panel͒. On the right of image, the schematic structure of QDs is shown. In the insets RHEED chevrons and facets determined by RHEED and AFM analyses are reported. ͑b͒ Scheme of a chevron structure. Chevron angle is the measured by intensity profiles. ͑c͒ Distance between chevrons as a function of x ͑arbitrary origin͒. The measured angles for the sample immediately quenched and annealed at 420°C are reported. 3͒ increases the mean volume of QDs, changing the AR and faceting. The evolution of QDs volume with postgrowth annealing is related to QDs coarsening and will be shown in detail elsewhere. 16 Observing the right panel of Fig. 3 , it can be noted that, in first 5 min annealing at 500°C an increase in QDs' volume occurs.
As also observed for annealing at lower temperatures 420 and 460°C, after 5 min annealing AFM analysis reveals ͕137͖ faceting and pyramidal shape. Besides a considerable increase in QDs' volume, after 30 min annealing at 500°C the QDs shape changes from pyramidal to dome and the AR decreases. This does not disagree with experimental findings in literature 7, 22 which report an AR increase due to transition from pyramids to domes. In fact, because of the long-period annealing at 500°C, a massive island coarsening and a significant In-Ga intermixing may occur, so increasing the Ga concentration in QDs and flattening the QDs shape as expected by theory. 25 Indeed AFM analysis shows these QDs have a dome profile, but steep ͕110͖ and ͕111͖ facets are not present on such structures as reported several times in the literature 7, 22 where larger domes emerge from nucleation and growth at higher temperatures ͑520-550°C͒. 24 From AFM profiles we find that large islands exhibit facets forming an average 18.8°angle with ͑001͒ plane, compatible with ͕114͖ facets, sometimes found on these systems. 8 Moreover AFM profiles evidence the dome central area formed of gentler facets: The measured average angle with ͑001͒ plane is 11.6°, in good agreement with ͕117͖ facets. The faceting evolution during 500°C annealing gives an estimate on the time-scale of In-Ga intermixing in QDs around 10 min. 26, 27 Finally the effects of the As 4 flux during the sample quenching were studied. While the average volume decreases by about 30% in comparison with standard growth, the QD number density increases ϳ40%. At the same time the AR increases. It is worth noting that, since the extra As 4 flux is applied only after the 1.6 ML InAs deposition, the As 4 effects are only limited to the material still moving on the surface after the growth stop. 26, 27 In conclusion, we have shown that InAs QDs shapes are very sensitive to growth conditions. In particular, we conclude that apparent ambiguity of ͕136͖ / ͕137͖ facet is mainly related to the InAs growth rate used. We have also demonstrated that annealing changes QD faceting for any temperature higher than 420°C, despite dramatic effects on QDs' volume, since it allows the system to evolve toward the more stable ͕137͖ facets. As well as the immediate quenching increase the AR, coherently we find a similar effect with high As 4 
